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Abstract 
    It appeared in the past decades that semi-conducting organic liquid crystals could easily replace the inorganic 
semi-conductors to manufacture field-effect transistors (FET). They can be easily processed by simple methods such 
as inkjet printing. These simple and cheap manufacturing methods pave the way to new applications for plastic 
electronics: electronic tags, biosensors, flexible screens, … The performance of these liquid crystal nanomaterials is 
due to their specific nanoscale structure. However, one limitation to the improvement of organic electronic devices 
is an incomplete understanding of their optoelectronic properties at the nanoscale. The organic semiconductor films 
often contain a combination of many ordered and disordered regions, grain boundaries and localized traps. These 
features impact charge transport and trapping at the sub-100 nm length scales [1]. Electrical SPM techniques such as 
STM, KPFM, EFM and CS-AFM have the potential to provide the correlation between the electronic properties 
directly and local film structure and have already made important contributions to the field of organic electronics. 
Here we report on the investigation of the structural and electronic properties of p-conductive organic field-effect 
transistors based on alkyl-substituted oligothiophenes with bottom-contact structure. For this purpose we use atomic 
force microscopy (AFM) and Kelvin-probe force microscopy (KPFM) in dual frequency mode under ambient 
conditions. This study helps to determine the local potential in the channel of active OFETs. On the other hand the 
molecular arrangements of these molecules on the HOPG surface have been studied using scanning tunnelling 
microscopy (STM) at the liquid-solid interface. 
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1. Introduction 
    Oligothiophenes have attracted much attention due to their high charge-carrier mobility (ȝ) in the field of 
nanoscale electronics such as organic field-effect transistors (OFETs).[1] Compared with the other oligothiophene 
derivatives, symmetrical Į,Į'-disubstituted oligothiophenes show enhanced chemical and electro-chemical stability.[2]  
In addition, the combination of a rigid aromatic core and flexible side chains in the structure of Į,Į'-
dialkyloligothiophenes induces the formation of liquid crystalline mesophases, which may improve the OFETs 
performance by self-healing structural defects.[3,4]  
 
    Electrical SPM techniques such as STM, KPFM, EFM and CS-AFM have the potential to directly provide 
correlations between the electronic properties and the local film structure and have already made important 
contributions to the field of organic electronics. Among these methods, scanning tunnelling microscopy (STM) 
offers a powerful way to investigate the molecular arrangements of organic compounds. It is one of the best tools to 
image, analyse and control self-assembled molecular systems on substrates under various conditions (ambient, UHV, 
liquid-solid interface) with resolution down to the (sub) molecular level. [5] Among the mentioned approaches, the 
liquid-solid interface is becoming popular to induce and study self-assembly on surfaces. It provides an interesting 
environment for the dynamic exchange of molecules between the adsorbed layer and the liquid phase, repairing 
defects in the self-assembled layers. [6]  
      
    It has been found that n-alkanes [7], alkylbenzenes and molecules bearing long alkyl chains with planar and 
extended ʌ-systems can be adsorbed from a solution to the surface of highly oriented pyrolytic graphite (HOPG) or 
molybdenum disulfide (MoS2) and form ordered monolayers. Usually, the alkyl chains align along one of the main 
crystallographic axis of the substrate. In this respect, Reiko Azumi and his coworkers [8] besides others [9,10] have 
reported that several alkylated oligothiophenes form ordered monolayers at the solid-liquid interface. They believe 
in a general rule that the oligomers with alkyl substituted at ȕ- positions tend to self-assemble on HOPG. The ease of 
formation of the physisorbed monolayer strongly depends on the structure and the length of the oligothiophene, 
which determines the adsorption-desorption equilibrium. In contrast, Į- and Į, Į'-substituted derivatives are rarely 
adsorbed on HOPG but perfectly on MoS2.[11] The difficulties in adsorption of short Į-substituted oligothiophenes 
on HOPG is confirmed by this study, as well. It seems that there is a limitation in the size for the alkyl chains where 
below that size the adsorption and detection of molecules can not be easily achieved either by STM in dry or at  the 
liquid-solid interface conditions. 
  
    Kelvin Probe Force Microscopy (KFM) is an ideal tool to study simultaneously the local structure and the electric 
potential distribution of electronic devices. The technique is really useful to understand the transport mechanisms by 
considering the structures of the organic thin films and the local electrical properties at the interfaces with metal 
electrodes in order to improve the field-effect mobility in the OFETs. [12] KFM provides a good mean to investigate 
the effects of contacts, structural defects and grain boundaries on device operation, as well. Several research groups 
have successfully applied KFM to measure the local electric potential profiles across the source and drain electrodes 
on the OFETs. [13, 14]  
      
    In this work, we first report on the STM investigations of the structure of adsorbed layers of three kinds of Į, Ȑ- 
alkylated oligothiophenes on HOPG at the liquid-solid interface. Then we report on the KPFM structural and 
electronic characterization of OFET devices based on the same oligothiophenes. 
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2. Experimental 
Materials 
     Three types of alkyl-substituted oligothiophenes were used : 3,3'-dioctylterthiophene (DOTT), 3,3'-
dihexylquaterthiophene (DH4T) and 3-3,7–dimethyldienyloctyl-3'dodecylquaterthiophene (ddOD4T). They were 
synthesized as described in [21]. The chemical structure of the three molecules is presented in Scheme 1. At room 
temperature, DOTT and DH4T are crystalline while ddOD4T presents a liquid crystalline structure (smectic G/F).  
Toluene (Fischer Scientific, HPLC grade), 1-phenyloctane (Acros, 99%) and Hexadecane (C16H34, Acros, 99%) 
were purchased and used as solvent without further purification. HOPG was purchased from SPI supplies. 
 
Preparation of samples for STM measurements 
     All STM analyses on the three oligothiophenes were carried at the solid-liquid interface at room temperature. For 
this purpose, a drop of saturated solution in 1-phenyloctane (concentration around 10-3 M) was deposited on a 
freshly cleaved HOPG surface. Then the sample was directly transferred on the STM equipment. STM experiments 
at the solid-liquid interface were performed with an Agilent 5500 SPM microscope (Agilent Technologies). We used 
mechanically cut Pt/Ir tips for all experiments. 
 
Preparation of samples for KPFM measurements 
    Bottom-contact OFETs were fabricated with DH4T and ddOD4T.  Highly doped silicon wafers with a thermally 
grown 258-nm-thick silicon oxide layer were used as the substrate.  Two 70-nm-thick gold electrodes separated with 
a gap of 20 or 50 μm were fabricated on the substrate using a lift-off technique. A 2-nm-thick Ti layer was deposited 
prior to gold as an adhesion promoter. Oligothiophene molecules were first dissolved in toluene at a 0,4%wt 
concentration. After sonication and filtration of the solution, the active layer was deposited by drop casting and the 
solvent was allowed to completely evaporate. 
The KPFM measurements were performed under ambient conditions on a Agilent 5500 SPM microscope (Agilent 
Technologies). PointProbe EFM probes (Pt/Ir-coated) (Nanosensors) were used. These probes typically have a 
resonance frequency around 120 kHz and a spring constant of a few N.m-1.  Topographic imaging and surface-
potential mapping by KPFM were performed simultaneously using a dual frequency mode. In this setup, the 
cantilever is mechanically excited close to its resonance frequency and topographical images are classically acquired 
by maintaining the vibration amplitude at this frequency constant.  Simultaneously a bias voltage, 
Vbias = VDC + VAC cos(Zel t), is applied to the tip with a second lock-in amplifier. The frequency Ȧel of the AC 
component was chosen far from the probe resonance frequency, typically around 20 kHz. The tip-sample 
electrostatic interactions lead to an additional oscillation at the frequency Ȧel proportional to the tip-surface 
capacitance and the difference between the surface potential and the applied DC bias.  The vibration amplitude at Ȧel 
is measured with the second lock-in and is fed into a feedback loop that adjusts the DC bias to nullify the vibration 
amplitude.  Mapping the value of VDC allow thus to image the surface potential. More details about KPFM and its 
applications can be obtained in [15] 
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Scheme 1. Chemical structure of the three alkyl-substituted oligothiophenes studied in this work. 
3. Results and discussions 
STM characterization 
      Contrary to ȕ-alkylated oligothiophenes [9, 11], Į-alkylated compounds do not form stable monolayers on HOPG. 
Stabel and Rabe also reported on difficulties to observe ordered monolayers of Į,Ȑ-dialkylated sexithiophene on 
HOPG.[16] We also tried to observe if our three Į-alkylated oligothiophenes can form stable adsorbed monolayers on 
HOPG. The only molecule that could be detected was ddOD4T, which could temporarily adsorbed from 1-
phenyloctane solution onto the HOPG surface. Figures 2a-c show the STM image of ddOD4T molecules adsorbed 
on HOPG, the possible model of molecular arrangement and the image corresponding HOPG substrate. The fact that 
only ddOD4T molecules could be observed can be explained by this reason that this molecule is the longest one. 
Indeed, DH4T, DOTT and ddOD4T have an extended chain lengths around 30.3 Å, 32.8 Å , and 40.2 Å, 
respectively. 
 
    Generally in STM images of self-assembled oligo- and polythiophene monolayers, the brighter parts (higher 
tunnelling current) correspond to the conjugated ʌ system, the darker ones to the alkyl side chains which support and 
direct the self-assembly through van der Waals interactions.[17] According to Figure 1a, ddOD4T molecules are 
ordered along rows. The brighter parts correspond to the oligothiophene backbones which are interdigitated with one 
another. The alkyl chains are supposed to lay between the brighter parts. Line profile measurements along and 
across the brighter parts showed a length scale of 1.08 ± 0.3 nm and a width of about 0.14 ± 0.02 nm which are in 
good agreement with the size of the thiophene cores of ddOD4T.
     Apparently the molecules form two different patterns (conformation), at the same time (Fig.1a-b). Bringing much 
focus on the image reveals that each molecule in each row is slightly vertically shifted with respect to its neighbor 
and forms a step-like shape. This arrangement leads to the first pattern (conformation). On the other hand in some 
rows this vertical shift is not observed and the molecules are completely ordered parallel to each other. The regions 
corresponding to this second pattern (conformation) are marked by the arrows in Figure 1a. It seems that both 
patterns are periodically repeated, though this periodicity is not perfect. This indicates that the interaction between 
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neighboring molecules is relatively weak. This organization is somehow similar to that of liquid crystals where no 
long range order is observed. 
 
 
Fig.1. (a) STM current image (10 × 10 nm2) of ddOD4T molecules adsorbed on HOPG (bias voltage: -1.2 V, tunnelling current: 
0.01 nA). (b) A model of the molecular arrangement. (c) STM current image (10 × 10 nm2) of the HOPG substrate (bias voltage: 
0.05 V, tunnelling current: 3 nA). 
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    Our efforts for imaging the two other molecules, DH4T and DOTT, were not successful.  This observation could 
be explained by several hypotheses. First, the location of the bonded alkyl chain compared to the thiophene core can 
be detrimental. As mentioned before our molecules are Į-alkylated and are not expected to form well ordered 
structures on HOPG surface contrary to the ȕ-alkylated ones. [10, 16] Second, it seems that the short length of the alkyl 
chains prevents them to effectively interact with the HOPG substrate. In our case, ddOD4T that could be observed 
was the longest molecule. Third, the temperature at which the measurements were made increased the mobility of 
the molecules and thermal fluctuations dominated the van der Waals interactions. Fourth, the chosen substrate could 
not be the most appropriate for these molecules. R. Azumi and coworkers have shown that even short alkyl chain 
molecules could be adsorbed on the surface of MoS2.[16]  Finally it is important to notice that forming a good 
monolayer and allowing STM imaging require a balanced molecule- substrate interaction: a too strong interaction 
immobilizes the molecules and prevent the formation of a self-assembled structures; a too weak adsorbate-substrate 
interaction leads to a high mobility and high resolution STM imaging becomes impossible. [18] 
KPFM Characterization 
     AFM and KPFM were used in order to study the structural properties and the potential profiles of OTFT devices 
based on DH4T and ddOD4T. Fig. 2 shows the bottom contact OTFT test structure used in this investigation. 
Devices with gold source and drain contacts were examined by scanning across the channel and contact edges. 
Active layers of DH4T were deposited on the devices by drop-casting. Measurements were carried out after 
complete solvent evaporation. In the present study, only the source and the drain electrodes were polarized while the 
gate electrode remained grounded. 
 
 
 
Fig.2. Bottom contact oligothiophene OTFT test structure. 
    Fig. 3 shows topography, SP images and line profiles of topography and SP of DH4T deposited on 50ȝm- wide 
channel. According to the topography image and line profile analysis, Fig. 3a and 3b, DH4T is completely covering 
the gap between the two electrodes. The topography image and cross-section reveal the presence of different 
molecular layers. Larger crystals are also dispersed on top of the molecular layers. The height of the terraces in the 
molecular films varies between 60 nm to 120 nm (Fig. 3f). Figures 3b-3e show the SP images consecutively taken 
while the electrodes were electrically biased at 0.0 V, 2.0 V, 4.0 V and 8.0 V, respectively.  
The SP distribution across the channel and at the electrode edges seems to be uniform except two triangle-shape 
points. According to the line profiles (Fig.6g), the surface potential mainly drop at the interface with the source 
electrode which indicates the presence of a contact resistance at the interface between the channel and the source 
electrode. This contact resistance increases with increasing the bias voltage.
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Fig.3. DH4T crystals covering the Au electrodes and the gap in between. (a) Topography image (size: 85×85 ȝm2). (b- e) SP 
images of the same sample consecutively taken at different biases. (f) Topography line profile along the line shown in (a). (g) SP 
profiles along line 2 indicated in (c) for various source-drain bias voltages. 
     
 
     This voltage drop could be explained by the increase of structural disorder close to the electrode edge and hole 
injection barrier formation at the interface between the electrode and the organic film, as it has already been 
reported. [19, 20] However, we do not observe any significant potential drop at the interface between the channel and 
the drain electrode suggesting that the contact resistance is low at the interface. Nevertheless by increasing the 
applied voltage from 2.0 V to 4.0 V and 8.0 V, potential drops are appeared at the grain boundaries of larger 
crystals. Figures 4 (b- f) show the KFM images acquired on DH4T deposited on a 20 ȝm-wide channel. The 
increase of the source potential is well observed. Fig. 4g shows the SP image taken immediately after switching-off 
the power supply (V=0.0 V). The bright line observed at the source- channel interface may result from the 
temporary charge localization or trapping at the interface between DH4T and source electrode. 
According to the topography  image (Fig. 4a) and  the line profile (Fig. 4h), the DH4T crystals have partly covered 
the channel surface. In some regions big crystals have formed islands. Concerning  the line- profile along line 1 
shown in (h), the channel surface and the source- electrode, have been covered with smooth layers which heights are 
approximately around 200nm (A-B) and 250 nm (A-C), respectively. Considering the height of the deposited 
electrodes which is around 70 nm, the films thicknesses in B and C could be correspond to 130 nm and 180 nm, 
respectively.   
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Fig.4. DH4T crystals covering the Au electrodes and the gap in between. (b- f) KFM images consecutively taken at different 
biases (0.0 V to 8.0 V). (g) SP images taken immediately after switching off the power supply (0.0V). (a) Topography image 
(size: 80×80 ȝm2 ) . (h) Topography line profile along the line shown in (a). (i) SP line profile along the lines1 and 2 shown in (d). 
(j) SP line profiles along line 3 indicated in (d) for various biases. 
    
Fig. 4i presents two SP profiles along the lines 1 and 2 indicated in (d) measured on DH4T crystals. The surface 
potential along line1 is uniform except a drop which occurs at the channel-source interface. In this case, the 
measured SP on the source electrode is more or less 4.0 V which is in agreement with the applied bias. Along line2 
where thick crystals cover both the channel and the electrode, the potential remains almost constant. Fig. 7j shows 
SP profile along line 3 indicated in (d) for different applied voltages from 0.0 V to 8.0 V. In these profiles, the 
voltage drop is concentrated at the source interface and is then almost constant in the channel. This suggests that the 
channel gap is either not covered with DH4T or that it is covered by a thin molecular film that is more conductive 
than in the case of Fig. 3.where a slope was observed on the SP profiles in the channel. As in the case of the large 
channel the apparent contact resistance at the source-channel interface increases with the applied bias. The surface 
potential distribution and electrical behaviour of ddOD4T samples were also investigated. Figures 5(a-e) show the 
topography image, KFM image and each line profiles at 2 different regions of the same sample. According to the 
topography images (Fig.5a, 5b) , most of the channel and electrode area have been covered with a uniform and 
continuous film contrary to the DH4T samples which formed big crystals. Topographic images and line profiles 
show that the thickness of the film is not homogeneous. 
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Fig. 5. (a) Topography image of ddOD4T layers covering the channel (size: 100 × 100 ȝm2). The 20 ȝm wide channel is clearly 
seen. (b) Topography (size: 100 × 100 ȝm2). (c) KFM image at 6.0 V bias. (d) Line profiles of topography along the lines 1 and 2 
shown in (b). (e) SP profiles along the lines shown in (c). (f)  SP profiles along the line 2 indicated in (c). (g)  SP profile along the 
line 2 indicated in (c). The hysteresis are appeared while decrease the bias voltages stepwise. 
 
    
   
The surface potential profile along the line 2 shown in Fig.5e, gradually decreases from right to left i.e. from source 
to drain. This result may indicate that the ddOD4T does not contain grain boundaries. This is consistent with the fact 
that ddOD4T is not crystalline at room temperature, but has a liquid crystalline structure. No sudden voltage drop is 
observed at the source-channel interface contrary to what was observed for DH4T. SP profiles are presented on 
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Fig.5f for various applied voltages. The surface potential changes gradually and smoothly compared to the DH4T 
samples. (Fig.4j).  
 
    The last interesting point which was obtained for ddOD4T samples was the hysteresis behavior of these samples 
after the stepwise decrease of the applied voltage. After increasing the bias and mapping the KFM signal for each 
voltage, we decreased the bias continuously to see whether the polarizability effect is reproducible for the same 
sample. Mapping the SP profiles revealed that there is a hysteresis effect for all the applied voltages. (Fig.5g). This 
hysteresis effect may indicate that there is charge trapping and/or carrier localization due perhaps to structural 
disorder or defects. This could be related to the semi-crystalline structure of ddOD4T.  
 
4. Conclusion 
    In this study, we investigated the structure and the electrical properties of the DH4T and ddOD4T films using 
STM, AFM and KPFM. In particular, the ability of ddO4T to self-assemble on HOPG was demonstrated. In 
contrary, DH4T did not form a stable molecular film on HOPG. This could be explained by the difference in the 
length of the alkyl side-chains. KPFM measurements helped us to study the surface potential distribution on 
ddOD4T and DH4T films deposited between Au electrodes. It was found that the surface potential distribution of 
ddOD4T samples was smoother than for DH4T samples. The contact resistance seemed to be less for ddOD4T 
samples, as well. 
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